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Abstract 
In previous studies [1, 2], we have presented a detailed formulation of a macroscopic 
analytical model of the optical propagation of laser beams in the case of unidirectional 
thermoplastic composites materials. This analytical model presented a first step which 
concerns the estimation of the laser beam intensity at the welding interface. It describes the 
laser light path in scattering semi-transparent composites (first component) by introducing 
light scattering ratio (D) and scattering standard deviation (σ). The absorption was assumed to 
be negligible in regard to the scattering effect. In this current paper, in order to describe 
completely the laser welding process in composite materials, we introduce the absorption 
phenomenon in the model, in the absorbing material (second component), in order to 
determine the radiative heat source generated at the welding interface. Finally, we will be able 
to perform a three dimensional temperature field calculation using commercial FEM software. 
In laser welding process, the temperature distribution inside the irradiated materials is 
essential in order to optimize the process. Experimental measurements will be performed in 
order to confirm the analytical model. 
Introduction 
The literature contains many researches on the modeling of laser welding process for 
calculating the temperature field in knowing the radiative energy interface (radiative source 
term) received at the interface. The phenomenon of absorption for semi-transparent materials 
(absorbent) is modeled using the Beer-Lambert law assuming cold and non-scattering media. 
The author [3] assumed a density of heat flux with Gaussian distribution to estimate the 
radiative energy at the interface and calculate the temperature field. In their contribution [4] 
also considered the same assumptions. The authors in [5] use a simplified model for the 
diffused intensity into the material using the Beer-Lambert law with the laser beam. Most of 
the researchers as [6], [7] and [8] consider that the laser beam is absorbed at the interface 
(opaque medium) and in the second material (absorbent) is transmitted according to the Beer-
Lambert. The author in [9] and [10] proposed analytical general solutions (transient and 
steady state) to estimate the increase of the temperature field at any point of the weld 
interface. They performed that for fixed and mobile sources of heat considering several forms 
of surface source (elliptical, circular, rectangular or square). 
Aims of the present work are the prediction of the heat source in the laser welding process 
thermal simulations, in composite materials and at the welding interface. This paper proposes 
to describe completely the laser welding process in composite materials (refraction and 
absorption coupling).  
Laser welding process 
Transmission Laser Welding technique [11] presents specific advantages for industrial 
applications over other conventional technologies: the method is accurate, flexible, small heat 
affected zone, easy to automate and control and non-contaminant, heat transfer with the 
ability to optimize the welding temperature (at the interface of the welding zone), absence of 
vibration during the welding process (contrary to the ultrasonic welding, friction welding), 
fast welding speed for welding plastic parts with an acceptable welding time. Transmission 
Laser Welding of composites involves two joining parts: one semi-transparent to the laser 
wavelength and the other part is absorbent in the same wavelength. The two parts are 
positioned together before the welding. The laser beam energy is transmitted through the 
semi-transparent material and is absorbed within the surface of the second materials (Fig.1). 
The bonding between the two parts allows the heating of the semi-transparent part by thermal 
conduction. Thus, melting and fusion of the both materials interface occurs (the bonding 
between the two parts occurs when T>Tmelt in this area). The energy is deposited at the 
interface in a localized volume causing the formation of a weld zone. Comparing with 
welding traditional techniques, laser welding efficiency strongly depends on the optical 
properties of the material [12]: absorption, transmission, refraction, reflection, scattering and 
thermal properties: heat capacity, thermal conductivity and density. 
 
 
 
Figure 1: Laser welding system [11] 
Scattering and absorption phenomena coupling 
The laser welding process requires the presence of two phenomena: refraction (causing 
optical scattering macroscopically semi-transparent in the composite) and the absorption that 
occurs in the absorbent composite. In order to model the optical behavior of thermoplastic 
composites, the coupling of these two phenomena must be undertaken. Unlike to 
thermoplastic welding, the two phenomena cannot be neglected. The absorption is taken into 
account in the analytical model in order to determine the heat generated in the welding 
interface and finally to perform a three-dimensional calculation of the temperature field. 
The absorption in the second part leads to the exponentially decreasing attenuation along the 
propagation path of the incident laser beam [13]. To determine the generated heat source at 
Semi-transparent 
the welding interface, the profile of the distribution of the total transmitted power of the laser 
beam (the total power after penetrating into the semi-transparent composite and reaching at 
the welding interface) is used [2]. For a gaussian laser beam, the distribution of the total 
power of the laser inward beam in the UD semi-transparent composite is: 
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Where x ,y and z are the space variables, σo is the spatial shape parameter of the initial laser 
beam (proportional to the beam diameter), σx (scattering standard deviation) is a function of 
the thickness , refraction index of matrix and fiber volume fraction and microstructural 
arrangement and D is the optical scattering coefficient of the semi-transparent composite. 
In the absorbent part, a high absorption of laser beam radiation is considered, according to 
Beer-Lambert's law, and a heat transfer by thermal conduction between the two parts. The 
heat source in the case of an assumed semi-transparent and absorbent composites coupling 
(Figure 2) is described by the following equation as in [9, 14, 15, 16]: 
 
Figure 2: Semi-transparent and absorbent composites coupling 
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zs is the distance from the surface with in the material. In our study, recall that the absorption 
in the strongly, scattering semi-transparent composite is neglected i.e. assuming ideal semi-
transparent material and we consider just a strong absorption at the surface of the absorbent 
composite (welding interface). The absorption coefficient Ka is considered infinite. That is to 
model the heat source in surface flux (surface absorption). 
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(3)  
With α2  1 - ρ2 (absorption factor of the absorbent composite), ρ& reflection coefficient of 
the transparent composite. Thus, for the Gaussian shape, eq.3 can finally be expressed as 
follows: 
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 Where Io is the laser power (W).    
Preliminary thermal simulation  
Knowing the generated heat source, the calculation of the temperature field at the welding 
interface and in the materials is performed numerically using a finite element model using the 
heat equation below [3, 4, 5, 6], by taking a perfect contact between the two components 
subjected to welding. There are also studies that consider a thermal contact resistance between 
the joining components [8] based on the roughness of the surface and the contact pressure. In 
the present study, a perfect contact assumption between the two components was considered 
due to a reduce thickness of the sample (2mm) and the good quality of the contact surface. 
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Where ki is the thermal conductivity in xi direction, JK the density, and cp(T) the specific heat. 
For the heat transfer between the two components and the surrounding medium, the boundary 
condition can be expressed as in [16, 17]:  
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(6)  
Where nPQ is the outward normal vector of the surface is the convection heat transfer coefficient 
(W/m2 K), Ts is the surface temperature (403.15 K), T? is the ambient temperature (293.15 
K), ε is material emissivity and bσ  is the black body emission coefficient (5.67×10-8 
W/m²K4). The convective heat transfer coefficient hc (10.81 W/m2K). We calculate this value 
as [18] in by relying on correlations of the exchange coefficients for a planar plate cooled on 
its top face. In order to determine the temperature field during the laser welding process, the 
thermal properties of the materials to be welded are required as input parameters to model the 
thermal process properly namely, thermal conductivity, specific heat and density, which are 
dependent on temperature. Thermal properties of the materials constituting the composite are 
different, a factor around 4 exists between resin and fibers conductivities for instance. 
Moreover, the final composite thermal properties also depend on the spatial organization of its 
constituents, resulting in anisotropic macroscopic effective properties. The thermal 
conductivity measurement in the composite is highly delicate, because of the anisotropy of the 
material on one hand and because of the reactivity of the resin on the other part. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Experimental set-up 
 
 In this study, an experimental method is suggested in order to evaluate global conductivity 
tensor (kx, ky, kz). A composite sample is submitted on its front face to a heat flux from an 
infrared lamp P21W (nominal power: 50W, 13.5V) (Fig.3) focused by an ellipsoidal reflector, 
thus forming a beam (Gaussian shape). The temperature field on the back face is then 
measured using a FLIR infrared camera [7-13µm]. From its evolution, we will estimate by 
inverse method as in [19] using COMSOL software via its optimization tool, the 
conductivities of the material according to its anisotropy directions. The COMSOL 
optimization tool is particularly suitable for stationary and transient cases. The optimization 
solver used is the solver SNOPT [20]. The optimization criterions will use horizontal and/or 
vertical temperature profiles measured at the back surface of the composite. In our study we 
use a point (the center of the plaque). 
The aim is therefore to minimize the squared difference between the experimental and 
simulated temperatures profiles. A least squares criterion J is then defined using in that case 
only the vertical temperature profile by the following relation [21]: 
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The heat diffusion into the composite thickness is related to its transverse thermal 
conductivity (kz) and along the perpendicular plane to the thickness of the composite to its 
longitudinal thermal conductivities (kx, ky) which also have an influence on the shape of the 
laser beam. In our study, each reinforcement tissue is made of unidirectional glass fibers 
assembled in a quasi-isotropic draping as in [22]. The thermoplastic composite used in our 
study is a UD Polycarbonate (PC) Glass fiber reinforced. The initial parameters for the 
numerical simulation are referenced in the table below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Initial parameters for the numerical simulation 
 
Numerical simulation is compared to experimental data (Fig.4a) versus time. The value of the 
error at convergence is less than 5% in the center of the plaque. We notice a significant 
difference between the two curves in the beginning (time < 6 seconds) due to the instability of 
the numerical model at the beginning of the simulation. Convergence occurs progressively as 
the time becomes important. As a preliminary validation, we compared our results to the 
analytical method developed in [21] concerning modeling thermal conductivities in the 
unidirectional composites. This method used two steps. The first step consists in determining 
the transverse and longitudinal thermal conductivities of a single unidirectional lamina in 
which the fibers are parallel. In the second step, the different orientations of fibers in the 
stacking sequence are considered to obtain the laminate thermal conductivity tensor. The 
analytical method is based on an isotropic case due to ahomogeneous fibers distribution in the 
y and z plane. This leads to ky = kz. However the real microstructure of our composite is a 
quasi-unidirectional, which causes a variation of the conductivities in the y and z plane 
(Tab.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Simulated thermal conductivities 
 
We performed a simple thermal simulation of the laser welding process with our general 
analytical model. The laser power used is 30 W. We consider a surface heat source (eq.5) at 
the interface of two composite parts and we have observed the temperature distribution 
(Fig.4b) after 5 second of simulation. This will enable us to make later a simplified 
optimization procedure. We observe a symmetrical distribution of the laser beam (same size 
and same shape) at the interface (due to surface absorption approach). The temperatures 
obtained are correct compared to those obtained during the laser welding process, the welding 
criterion being when T>Tmelt (glass transition temperature for the Polycarbonate [16, 17]). 
 
 
 
 
 
 
 
 
(a) Experimental and numerical 
temperatures on the rear face of the 
composite versus time (center of 
plaque) 
(b) Temperature distribution of the 
laser beam at the welding interface 
in the (x , z) plane 
Figure 4 
Conclusion 
The aim of this study was to propose a numerical model in order to predict the heat source in 
the laser welding process thermal simulations, at the welding interface. This paper presents 
the complete description of the laser welding process in composite materials (refraction and 
absorption coupling). In order to determine the temperature field during the laser welding 
process, the thermal properties of the materials to be welded are required as input parameters 
to model the thermal transfer. An inverse design method based on experimental measurements 
performed using infrared camera was used in order to evaluate the global conductivity tensor. 
We performed subsequently a preliminary thermal simulation (considering a surface heat 
source) of the laser welding process with our general analytical model. In future prospect, 
experimental measurements will be performed in order to valid the numerical model. 
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